We derive the effective interaction between two quasiparticles in symmetric nuclear matter resulting from the leading-order chiral three-nucleon force. We restrict our study to the L = 0, 1 Landau parameters of the central quasiparticle interaction computed to first order. We find that the three-nucleon force provides substantial repulsion in the isotropic spin-and isospin-independent component F 0 of the interaction. This repulsion acts to stabilize nuclear matter against isoscalar density oscillations, a feature which is absent in calculations employing low-momentum two-nucleon interactions only. We find a rather large uncertainty for the nuclear compression modulus K due to a sensitive dependence on the low-energy constant c 3 . The effective nucleon mass M * on the Fermi surface, as well as the nuclear symmetry energy β, receive only small corrections from the leading-order chiral three-body force. Both the anomalous orbital g-factor δg l and the Landau-Migdal parameter g ′ N N (characterizing the spin-isospin response of nuclear matter) decrease with the addition of three-nucleon correlations.
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I. INTRODUCTION
In a recent publication [1] we have studied the quasiparticle interaction in isospin-symmetric nuclear matter employing realistic chiral nucleon-nucleon (NN) interactions. The second-order calculation performed in ref. [1] explored the order-by-order convergence of the perturbative expansion for the quasiparticle interaction as well as the scale dependence resulting from the renormalization group evolution [2, 3] of the underlying two-body interaction. Although good agreement was found for a number of nuclear observables, such as the effective mass M * at the Fermi surface, the nuclear symmetry energy β and the spin-isospin response encoded in the parameter g ′ N N , both the compression modulus K of isospin-symmetric nuclear matter and the anomalous orbital g-factor δg l were found to differ appreciably from empirical values extrapolated from collective excitations of finite nuclei. Most seriously, the compression modulus K of nuclear matter (encoded in the Fermi liquid parameter F 0 ) was found to be negative at both first-and second-order across a wide range of cutoff scales.
Previous studies [4] [5] [6] [7] [8] have suggested that interactions induced by the polarization of the medium (first studied by Babu and Brown for the case of liquid 3 He [9] ) provide sufficient repulsion to stabilize nuclear matter against isoscalar density fluctuations. In fact, already the leading-order contribution to the Babu-Brown induced interaction is quite repulsive [1] , though not enough to achieve stability at normal nuclear matter saturation density when employing chiral or low-momentum NN interactions. For such potentials, numerous calculations [10] [11] [12] [13] of the equation of state have revealed the necessity of three-nucleon forces in driving saturation toward the empirical density ρ 0 = 0.16 fm −3 and energy per particleĒ = −16 MeV.
To improve the microscopic description of the quasiparticle interaction, we compute in the present work the first-order (perturbative) contribution to the L = 0, 1 Landau parameters resulting from the leading-order chiral three-nucleon force. Previous work [14] performed within the framework of chiral effective field theory included explicit ∆-isobar degrees of freedom in a calculation of the isotropic central Fermi liquid parameters. In the present study we employ the high-precision Idaho N 3 LO chiral NN interaction [15] together with the N 2 LO chiral threenucleon force [16] , which subsumes certain processes involving virtual ∆-isobar excitations considered in ref. [14] . The additional repulsion provided by the leading-order three-nucleon force is expected to play an important role for the Landau parameter F 0 , but the extent to which other nuclear observables respond to additional three-nucleon correlations has not been studied systematically in calculations employing high-precision NN potentials.
The present paper is organized as follows. In Section II we briefly review Landau's theory of normal Fermi liquids and discuss the connection between physical observables and various Fermi liquid parameters. We then derive analytical expressions for the first-order contribution to the L = 0, 1 central Landau parameters arising from the leading-order chiral three-nucleon interaction. In section III we present numerical results for the density and scale dependence of the quasiparticle interaction supplemented by the second-order contributions of ref. [1] . The latter were derived from the Idaho N 3 LO chiral two-nucleon interaction as well as from the (universal) low-momentum NN interaction V low−k . We end with a summary and an outlook.
II. NUCLEAR QUASIPARTICLE INTERACTION
A. Landau parameters and nuclear observables
Fermi liquid theory was introduced by Landau in the 1950's [17] to describe the properties of strongly interacting normal many-fermion systems at low temperatures. The low-energy excitations about the ground state are long-lived quasiparticles that retain certain features of non-interacting (independent) particles but have modified dynamical properties such an effective mass and an effective magnetic moment. Fermi liquid theory has been used to describe a wide variety of quantum many-body systems, including various types of conductors at low temperatures, liquid 3 He, nuclear matter, neutron matter and also finite nuclei [18] [19] [20] .
The quasiparticle interaction F ( p 1 σ 1 τ 1 ; p 2 σ 2 τ 2 ) encodes bulk equilibrium and transport properties of a Fermi liquid. It arises at second order in the expansion of the energy density in terms of powers of the quasiparticle distribution function δn pστ :
where ǫ p is the single-particle energy and higher-order quasiparticle correlations are neglected.
The central part of the quasiparticle interaction in spin-and isospin-saturated nuclear matter has the form
where σ 1,2 and τ 1,2 denote the spin and isospin operators of the two nucleons on the Fermi
More generally, the quasiparticle interaction can include (noncentral) tensor components which modify the stability conditions of nuclear matter [21] and are necessary for understanding the magnetic susceptibility [22] and the response of nuclear matter to weak probes [23, 24] . For two quasiparticles on the Fermi surface, the remaining angular dependence of their interaction can be expanded in Legendre polynomials of cos θ =p 1 ·p 2 :
where X represents f, f ′ , g, or g ′ , and the angle θ is related to the relative momentum p = 1 2 
For short-range interactions the expansion in (4) is typically rapidly converging such that only a few constants characterize the dynamics of low-energy excitations. Moreover, individual parameters evaluated at the equilibrium Fermi momentum k F = 1.33 fm −1 are related to properties of the quasiparticles and the bulk nuclear medium:
Quasiparticle effective mass :
In-medium orbital g-factor:
where the anomalous orbital g-factor δg l is given by
and g πN ≃ 13.2 is the strong πN coupling constant. Spin observables, though largely unconstrained experimentally, receive significant contributions from the (non-central) tensor Fermi liquid parameters [22] .
Recently, we have carried out systematic calculations [1] of the quasiparticle interaction in nuclear matter to second order in many-body perturbation theory employing chiral and low-momentum NN interactions. The first-and second-order contributions, shown diagrammatically in Fig. 1 , have the form and
where the quantityV = (1 − P 12 )V denotes the antisymmetrized two-body potential and [29] [30] [31] . Despite these encouraging results, the Fermi liquid parameter F 0 remained well below −1, giving rise to a negative compression modulus K and a corresponding instability of nuclear matter against density fluctuations in the vicinity of saturation density ρ 0 = 0.16 fm −3 . Additionally, the anomalous orbital g-factor decreased from δg l ≃ 0.3 to δg l ≃ 0.1, which is significantly less than the empirical value δg l = 0.20 − 0.26 extracted from giant dipole resonances [32] . This feature followed almost entirely from the dramatic increase in the effective mass M * at second
order. An improved microscopic description of the quasiparticle interaction may require the consistent implementation of chiral three-nucleon forces. As a first step in this program, we compute here the first-order contribution to the quasiparticle interaction from the N 2 LO chiral three-body force.
According to eq.(1) the quasiparticle interaction is obtained by functionally differentiating the energy density twice with respect to the quasiparticle distribution functions. For a general three-nucleon force, the Hartree-Fock contribution to the energy density is given by
whereV 3N = V 3N (1−P 12 −P 23 −P 13 +P 12 P 23 +P 13 P 23 ) denotes the fully antisymmetrized threenucleon interaction and
twice with respect to the two quasiparticle distribution functions then leaves an effective twobody interaction containing a single (loop) integral over the filled Fermi sea of nucleons.
The three-nucleon force employed in the present work is the N 2 LO chiral three-nucleon interaction [16] , which consists of three components. First, there is a two-pion exchange component
where g A = 1.29, f π = 92.4 MeV, m π = 138 MeV (average pion mass) and q i denotes difference between the final and initial momenta of nucleon i. The quantity
involves three terms proportional to the low-energy constants c 1 , c 3 and c 4 , respectively. The summation i =j =k runs over the six permutations of three nucleons. The one-pion exchange component of the three-nucleon interaction is proportional to the low-energy constant c D :
and finally the three-nucleon contact interaction introduces the low-energy constant c E :
where Λ χ = 700 MeV sets a natural scale.
The low-energy constants of V 
(1)
FIG. 2. Diagrammatic contributions to the quasiparticle interaction in symmetric nuclear matter generated from the two-pion exchange three-nucleon force. The short double-line symbolizes summation over the filled Fermi sea of nucleons. Reflected diagrams of (2) and (3) are not shown.
or by fitting the binding energies of 3 H and 4 He [11] :
In the first set the leading-order three-body force (with c 1,3,4 coefficients of Entem and Machleidt) was used together with the Idaho N 3 LO chiral two-nucleon interaction, while in the second set the authors employed the Nijmegen low-energy constants c 1,3,4 together with the low-momentum NN interaction V low−k at the resolution scale Λ = 2.1 fm −1 . Employing these two versions of the chiral three-nucleon force (combined with two-nucleon interactions at different scales) provides a means for assessing theoretical errors at this order in the perturbative expansion.
B. Diagrammatic calculation
We begin by considering the isotropic (L = 0) Fermi liquid parameters of the central quasiparticle interaction. They are obtained by angle-averaging the (in-medium) effective interaction [35] :
where | p 1 p 2 denotes an antisymmetrized two-nucleon state. Both quasiparticle momenta p 1 and p 2 lie on the Fermi surface so that 
(5)
FIG. 3. Diagrammatic contributions to the quasiparticle interaction in symmetric nuclear matter generated by one-pion exchange and contact three-nucleon forces. Reflected diagrams of (4) and (5) are not shown. The last two diagrams (5) and (6) contribute only to the L = 0 Landau parameters.
with u = k F /m π . In this diagram, the two pions carry equal momenta and therefore the term in eq. (11) proportional to c 4 does not contribute. Moreover, the direct term (with zero momentum transfer) of this pion self-energy correction vanishes trivially. Analogously, only the crossed term from the one-pion exchange vertex correction (diagram (2) in Fig. 2 ) is nonzero with the analytical result:
The Pauli-blocked two-pion exchange component (diagram (3) in Fig. 2 ) has both a nonvanishing direct and crossed term. Their sum takes the form
where the auxiliary functions X, Y, and Z arising from Fermi sphere integrals over a pion propagator read
Note that the direct term contributes only to the spin-and isospin-independent Landau pa-
There are two diagrammatic contributions from the mid-range one-pion exchange chiral three-nucleon force, labeled as (4) and (5) in Fig. 3 . The crossed term from the 1π-exchange vertex correction (diagram (4)) leads to the contribution
and the sum of direct and crossed terms from diagram (5) yields
Finally, the three-nucleon contact term generates a contribution proportional to the nuclear density ρ = 2k
2 . The sum of direct and crossed terms reads
We note that for all three-body contributions the spin-spin and isospin-isospin components of the quasiparticle interaction are equal, g 0 = f 
After this weighting, the two short-range contributions (diagrams (5) and (6) in Fig. 3 ) to the quasiparticle interaction vanish. We provide the expressions for the four remaining pieces below. The crossed term from the pion self-energy correction takes the form
The crossed term from the one-pion exchange vertex correction reads 
The crossed term from Pauli-blocked two-pion exchange is given by
with auxiliary functions
Finally, the only nonvanishing term from the mid-range three-nucleon force is the crossed term from diagram (4) in Fig. 3 , which reads
Again, one observes that for all contributions, f . Note that full consistency with the second-order calculation in ref. [1] would require the inclusion of the subleading N 3 LO chiral three-body force (recently derived in ref. [36] ). Investigations along these lines are in progress.
III. RESULTS
In this section we study the density-dependence of the L = 0, 1 Landau parameters derived in the previous section from the leading-order chiral three-nucleon interaction. The values of the five low-energy constants occuring at this order have significant uncertainties, and we employ two different sets which have been fit to reproduce properties of A = 3, 4 nuclei. These contributions are then combined with the results of ref. [1] for the second-order quasiparticle interaction computed with the corresponding two-nucleon interactions. The impact on various nuclear observables is discussed.
In Fig. 4 we plot the L = 0, 1 Fermi liquid parameters (in units of fm 2 ) as a function of the nuclear density (normalized to that of saturated nuclear matter ρ 0 = 0.16 fm −3 ) employing the set of low-energy constants In Table I instructive to compare the final results to what would be obtained in the chiral limit (m π → 0):
which are not very different from those at the physical pion mass.
To assess the scale dependence of the Fermi liquid parameters resulting from the choice of momentum cutoff in the nuclear interaction, we consider next the set of low-energy constants employed in ref. [11] to fit A = 3, 4 binding energies using in addition a low-momentum NN interaction V low−k defined at the resolution scale Λ = 2.1 fm −1 :
In Fig. 5 we plot the density-dependent Fermi liquid parameters resulting from the first-order perturbative contribution from the chiral three-nucleon force. Qualitatively, many of the trends observed with the previous set of low-energy constants (eq. (36)) remain. However, the value of the isotropic spin-independent and isospin-independent Fermi liquid parameter f 0 is significantly larger. At nuclear matter saturation density, its value of f 0 = 2.49 fm 2 is twice as large as that observed in Fig. 4 . This repulsion more than compensates for the additional attraction that results from employing low-momentum two-nucleon interactions [1] . The parameters We display in Table II The largest differences between the values given in Tables I and II arise from the parameter c 3 .
Employing the low-energy constants in eq. (36) except with c 3 = −4.78 would yield the Fermi liquid parameters
which are very close to those in Table II .
Finally, we combine these results with previous calculations [1] in which the second-order contribution to the quasiparticle interaction was computed to second order employing chiral components of the spin-and isospin-independent quasiparticle interaction vary strongly with the density, and the inclusion of three-nucleon forces significantly enhances the trend observed in the second-order calculation including two-body forces only [1] (note that in contrast to the current calculation, the results shown in Fig. 3 of ref. [1] did not yet include self-consistent single-particle energies in the denominators of the second-order terms). The parameters associated with the spin-and isospin-dependent components of the quasiparticle interaction, on the other hand, are much more stable to variations in the density (in qualitative agreement with observations made in ref. [14] ). In fact, for these components the three L = 0 terms have a remarkably similar density dependence, and the three L = 1 terms exhibit this same property.
We now discuss the implications for physical observables. We display in Table III F 0 , which was large and negative without three-body forces but which now attains a mean value that is positive and relatively small. In fact, the compression modulus K computed with the low-momentum interaction is now quite large (K ≃ 530 MeV) compared to values K = (200 − 300) MeV extracted from studies of giant monopole resonances in heavy nuclei [37] [38] [39] . Given that the use of low-momentum two-and three-body interactions yields a quite good description of nuclear matter saturation already in (approximate) second order perturbative calculations [11, 13] , it is likely that the large value of F 0 obtained with V low−k in the present work results from the absence of second-order contributions from three-body forces. Aside from the large uncertainty in the value of F 0 , nearly all the other Fermi liquid parameters now exhibit much less scale dependence. This feature has also been observed in previous calculations [11, 13] , where it was found that including three-nucleon forces and higher-order corrections in perturbation theory dramatically reduced the scale dependence of the nuclear matter equation of state. The effective mass M * and the nuclear symmetry energy β receive relatively small corrections from three-body forces at this order and to within errors remain in agreement with their empirical values. The observable that is not well described in this calculation is the anomalous orbital g-factor δg l which remains considerably below the value extracted from giant dipole resonances of nuclei. This quantity, however, is particularly sensitive to the value of F 1 and the quasiparticle effective mass (see eq. (5)), and therefore even a moderate decrease of the nucleon effective mass M * due to higher-order perturbative corrections could remedy the situation. We summarize below the results for selected nuclear observables, including 
where the quantities in the last column are estimates of the empirical values (see Section IIA).
A final interesting feature of the three-nucleon force is that the contributions to the L = 1
Fermi liquid parameters are all negative, with the result that the quasiparticle interaction at
the Fermi surface appears to be short ranged.
IV. CONCLUSION
In this work we have performed the first systematic inclusion of the N 2 LO chiral three- strategy is to represent three-nucleon force contributions in terms of density-dependent twobody forces [35] and to employ these in second-order calculations. We have verified that treating three-nucleon force contributions in this approximation gives good agreement with their exact evaluation at first order.
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